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Tailoring the coupling of guided light modes is central to integrated-optics and fiber-optics technologies and devices, thus it is a topic of continuously renewed interest. Recent attention has focused on modulated multimode waveguides and, more generally, in microstructured materials and photonic crystals. In particular, it was shown that a longitudinal modulation of the waveguide depth or a harmonic bending of its axis may lead to resonant, Rabi-like oscillations and adiabatic transitions between guided modes (see [1] , for a recent review, and references therein). Such transitions cause periodic oscillations of the weights of the modes when the propagation constant difference matches the frequency of the refractive index modulation.
Importantly, efficient mode conversion can occur not only in simple isolated waveguides, but also in complex guiding structures [2, 3] . In particular, a rich set of phenomena can be generated when several longitudinally modulated waveguides are placed close to each other, so that light may tunnel between them. The tunneling rate is strongly affected by any periodic variations of the waveguide parameters. Thus, periodic bending of waveguides yields linear [4] [5] [6] [7] [8] [9] or nonlinear [10, 11] dynamic localization if the frequency and amplitude of bending are properly chosen, so that the band of propagation constants of collective modes shrinks. Periodic out-of-phase modulation of the depth or width of neighboring waveguides may lead to inhibition of tunneling for properly selected modulation frequencies, at which the effective coupling constant nearly vanishes [12] [13] [14] [15] [16] .
To date, studies of such collective resonant effects have been focused on waveguiding structures consisting of the simplest elements, namely single-mode waveguides. However, in multimode waveguides the rate at which the excitations can expand across the structure may strongly depend on the particular modes that are excited [17] . Since resonant mode coupling leads to notable dynamical modifications of the mode weights, this effect may be used for control (enhancement or inhibition) of the global diffraction pattern of light in complex arrays of multimode waveguides.
In this Letter we consider one-and two-dimensional guiding structures composed of evanescently coupled multimode waveguides, whose parameters vary in a periodic fashion along the direction of light propagation. We study how a nearly resonant modulation of the waveguide depths stimulates coupling of the modes, thus drastically altering the tunneling rate between neighboring waveguides. Changes in coupling length by more than three orders of magnitude upon slight modifications of the longitudinal modulation frequency are shown. In contrast to guiding structures composed of single-mode waveguides, in the system under study, not only inhibition, but also enhancement of tunneling becomes possible.
We consider the propagation of paraxial light beams along the  axis of a transparent optical medium with transversally and longitudinally inhomogeneous refractive index. The evolution of the dimensionless amplitude of the light field q can be described by the equation:
Here  is the normalized propagation distance; { , }    r is the normalized transverse coordinate; the Laplacian has the form /      in the one-dimensional (1D) case; p is the waveguiding parameter; and the function ( , ) R  r describes the refractive index profile that varies periodically in the longitudinal direction  . Here we consider two types of the longitudinal refractive index variation: modulation of the waveguide depths, and periodic bending of their axes, which in the 1D case are described by the expressions:
We assume that the refractive index landscape may include up to n super- Figure 1 shows possible eigenmodes of static ( 0)   isolated 1D and 2D waveguides that will be used as the input conditions in Eq. (1). The width of the mode notably grows with increase of its index k (or vorticity m ), with the fundamental mode being the most localized. In the presence of neighboring waveguides, the width of the modes is a key factor that determines the rate at which energy flow
tunnels from the excited waveguide into the neighboring ones. Thus, in the 1D case, in a static two-waveguide configuration with separation 3 d  between channels, the power completely tunnels from the excited waveguide into the second one at a distance 16500 L  if the fundamental mode ( 1) k  is used as excitation at 0   , and at a distance 21.9 L  if the third mode ( 3) k  is used instead. Such a drastic contrast in coupling lengths suggests that controllable transfer of power between 1 k  and 3 k  modes should result in drastic modifications of the tunneling rate in a multi-waveguide system. This process is strongly affected by the presence of a neighboring multimode waveguide that is also dynamically modulated along the  axis. Due to the drastic difference of tunneling rates into neighboring waveguides for different modes, the fraction of power transferred into high-order modes due to resonant conversion starts switching rapidly between the waveguides, while tunneling for the power fraction contained in the fundamental mode occurs at much larger scales. This process is accompanied by the continuous modification (due to resonant conversion) of the fraction of modes that couple rapidly and slowly, which evolves at its own scale determined, among other factors, by the modulation parameter  . Leaky modes may also contribute to the exchange, but because in our setting they carry a very small fraction of the input power, this contribution is small. Since in the framework of the coupled-mode approach the dynamics of the system is described by four equations for the weights of the resonantly coupled modes that cannot be solved analytically, we resort to direct numerical solution of Eq. (1) .
In all cases we excite only one of the waveguides at 0   with its fundamental mode and vary the modulation frequency  around the resonant value corresponding to the 1 2  (in the case of bending) or 1 3
 (in the case of depth modulation) transitions and given by the difference of propagation constants of eigenmodes: There is a drastic difference between in-phase and out-ofphase bending regimes. While for the out-of-phase bending, the distance L nearly monotonically decreases as     located symmetrically around the resonance. This effect is somewhat similar to the inhibition of tunneling in a sense that waveguides become effectively isolated due to the weak ( 0.01)   longitudinal modulation. However, in our case the inhibition of tunneling occurs only for two frequencies, rather than for an infinite set of them as in single-mode waveguides (see [14] for details). Far from the resonance the effective coupling length for both types of bending asymptotically approaches the coupling length for the fundamental mode in the unmodulated system. A similar picture is encountered in waveguides with modulated depths around the resonant modulation frequency 1 3 Fig. 2(b) 1 3 11 .04
However, now the most effective coupling occurs at two frequencies slightly shifted from the resonant one. They nearly coincide for the in-phase and out-of-phase modulations of the waveguide depths.
In complete contrast with the case of bending, inhibition of light tunneling in the depth-modulated waveguides requires out-of-phase oscillations of the refractive index in the neighboring channels. When the separation d between two waveguides increases, the frequencies corresponding to the minimal coupling length gradually become closer to each other. In contrast, the frequencies Fig. 2(c) for the in-phase bending of two waveguides. The propagation dynamics in depth-modulated two-channel system is illustrated in Fig. 3 , for several characteristic frequencies. Notice the enhancement of tunneling in panels (c),(d) and its inhibition (f) at properly selected frequency of the out-of-phase refractive index modulation [for the same frequency and in-phase modulation the coupling still takes place in (e)]. The above effects can be observed not only in twowaveguide structures, but also in arrays of multimode waveguides. Significantly different discrete diffraction rates for the fundamental and higher-order modes in the array make it difficult to determine the effective coupling length directly, therefore in this case it is more convenient to plot the dependence of the distance-averaged power
in the excited channel on the modulation frequency [ Fig. 2(d) ]. This quantity characterizes the rate at which the excitation leaves the central channel, since a stronger diffraction corresponds to a smaller av U value. The dependence av ( ) U  calculated for the array of curved waveguides around the 1 2  resonant transition contains all the characteristic features of the ( ) L  dependence depicted in Fig. 2(a) , including resonant spikes for the in-phase bending. Figures 3(g)-3 (i) illustrate enhanced tunneling, its inhibition, and off-resonant light propagation, respectively.   plane in a two-channel 2D system with
, and oscillating depths of the waveguides for different modulation frequencies  . Top row: in-phase refractive index modulation; bottom row: out-of-phase modulation.
The enhancement and inhibition of light tunneling mediated by resonant mode conversion occurs also in multidimensional geometries. The two-dimensional setting offers even more freedom, since resonant conversion may now occur between modes with different number of radial nodes [see Fig. 1(b) ], and also between modes carrying different winding numbersm , as it was shown in [18] [19] [20] . In order to couple fundamental and vortex-carrying modes, the waveguide may be set into rotary motion with respect to an offcenter axis. If such rotating waveguides are placed close to each other, one observes the whole set of resonance effects described above for the one-dimensional systems. Such effects, however, become more spectacular if resonant transition occurs between modes with different number of radial nodes, since for them the difference in widths is most pronounced. Figure 4 Summarizing, we have shown how resonant mode conversion in longitudinally modulated multichannel guiding structures may efficiently enhance or strongly inhibit light tunneling between different waveguides. The coupling constant has been found to vary by orders of magnitude by small variations of the modulation parameters. The effects occur with modes of different internal structure, and can be sharply engineered. Similar effects may exist in nonlinear waveguides and lattices [15, 21, 22] , where nonlinearity may cause notable asymmetries in resonant dependencies.
